Despite intensive research into the coupling between tectonics and surface processes, our ability to obtain quantitative information on the rates of tectonic processes from topography remains limited due primarily to a dearth of data with which to test and calibrate process rate laws. Here we develop a simple theory for the impact of spatially variable rock-uplift rate on the concavity of bedrock river profiles. Application of the analysis to the Siwalik Hills of central Nepal demonstrates that systematic differences in the concavity of channels in this region match the predictions of a stream power incision model and depend on the position and direction of the channel relative to gradients in the vertical component of deformation rate across an active fault-bend fold. Furthermore, calibration of model parameters from channel profiles argued to be in steady state with the current climatic and tectonic regime indicates that (1) the ratio of exponents on channel drainage area and slope (m/n) is ϳ0.46, consistent with theoretical predictions; (2) the slope exponent is consistent with incision either linearly proportional to shear stress or unit stream power (n ‫؍‬ 0.66 or n ‫؍‬ 1, respectively); and (3) the coefficient of erosion is within the range of previously published estimates (mean K ‫؍‬ 4.3 ؋ 10 ؊4 m 0.2 /yr). Application of these model parameters to other channels in the Siwalik Hills yields estimates of spatially variable erosion rates that mimic expected variations in rock-uplift rate across a fault-bend fold. Thus, the sensitivity of channel gradient to rockuplift rate in this landscape allows us to derive quantitative estimates of spatial variations in erosion rate directly from topographic data.
INTRODUCTION
A principal goal of tectonic geomorphology is to extract information regarding the rates and patterns of active deformation directly from landscape topography. In tectonically active regions, the bedrock channel network dictates critical relationships among relief, elevation, and denudation rate (Howard, 1994; Howard et al., 1994; . Consequently, analysis of the longitudinal profiles of channels provides a promising avenue of exploration of these relationships (Hack, 1957) , and much recent research has focused on the quantitative description of bedrock channel forms and processes (e.g., Tinkler and Wohl, 1998) . However, our ability to derive quantitative estimates of the rates of tectonic processes from topography is severely limited by the sparse data available to calibrate model parameters that describe erosive efficiency (Howard and Kerby, 1983; Stock and Montgomery, 1999; Snyder et al., 2000; Whipple et al., 2000b) .
In this paper we develop a theory for the effect of spatially varying rock-uplift rates on the concavity of bedrock river profiles within the context of the detachment-limited unit-stream-power incision model . We demonstrate how analysis of stream profiles under conditions of nonuniform rock uplift allows for direct evaluation of model parameters. We test our model in a region of known variation in uplift rate within the Siwalik Hills of central Nepal. Rock-*E-mail: ekirby@crustal.ucsb.edu. uplift rates across one anticline in the Siwalik Hills are well documented in a recent study of deformed Holocene terraces (Lavé and Avouac, 2000) , vary in a systematic way across the fold, and appear to be constant throughout the Holocene. The anticline is developed in a region of uniform lithology and thus provides a nearly ideal location to examine the effects of spatially varying uplift rate on channel longitudinal profiles.
DETACHMENT-LIMITED STREAM POWER MODEL
Detachment-limited incision into bedrock is often modeled as a power-law function of contributing drainage area (a proxy for discharge) and channel gradient (Howard and Kerby, 1983; Howard, 1994 ). An equation for river profile evolution can be written as:
where dz/dt is the time rate of change of channel elevation, U is rockuplift rate relative to a fixed base level, A is upstream drainage area, S is local channel gradient, K is a dimensional coefficient of erosion, and m and n are positive constants related to basin hydrology, hydraulic geometry, and erosion process Whipple and Tucker, 1999; Whipple et al., 2000a) . Under steady-state conditions (dz/dt ϭ 0), with uniform U and K and constant m and n, equation (1) can be solved to yield an expression for equilibrium channel gradient:
(2) e Equation 2 predicts a power-law relationship between channel gradient and drainage area often observed in natural landscapes, of the form S ϭ k s A Ϫ⌰ (e.g., Tarboton et al., 1991; Sklar and Dietrich, 1998) , where the coefficient (U/K) 1/n sets the channel steepness, k s and the ratio m/n is the intrinsic channel concavity, which equals the actual concavity ⌰ only under conditions of uniform K, U, m, and n.
Relatively few field constraints exist on appropriate values for K, n, and m in various geologic, tectonic, and climatic regimes. Howard and Kerby (1983) demonstrated that historic incision rates in rapidly eroding badlands were adequately explained by a stream power model assuming incision rates linearly proportional to shear stress (i.e., m ϭ ⅓, n ϭ ⅔). Stock and Montgomery (1999) showed that, for a best-fit m and n (0.4 and 1, respectively), K varied over four orders of magnitude (10 Ϫ3 -10 Ϫ7 m 0.2 /yr) depending on lithology and climate, and Snyder et al. (2000) demonstrated that K may also vary in concert with uplift rate (1-8 ϫ 10 Ϫ5 m 0.2 /yr). Recent studies of historic bedrock incision along the Ukak River in Alaska have yielded results limiting n to significantly less than 1 (n ഠ 0.2-0.6) and K (for m ϭ 0.4, n ϭ 1) to ϳ9 ϫ 10 Ϫ4 m 0.2 /yr (Whipple et al., 2000b) .
Although individual values of the exponents m and n are difficult to obtain from natural field experiments, the ratio of m/n is expected to be independent of the erosion process (Whipple and Tucker, 1999) and thus is more easily estimated (Seidl and Dietrich, 1992) . Theoretical considerations suggest that the ratio m/n should be in a narrow range between 0.35 and 0.6 (Whipple and Tucker, 1999) , consistent with some empirical data (Howard and Kerby, 1983; Tarboton et al., 1991; Snyder et al., 2000) . As pointed out by Whipple and Tucker (1999) , a restricted range of the ratio m/n, however, does not neces- sarily imply that channel concavities are likewise limited. Any spatial variation in K and/or U will strongly influence channel concavity (e.g., Sklar and Dietrich, 1998) . Here we develop how spatial variations in rock-uplift rate affect the concavity of detachment-limited channels. We do not explicitly consider the potential role of sediment flux in influencing incision rates (Sklar and Dietrich, 1998) . If present, its effect will be subsumed in our estimates of model parameters.
SPATIALLY VARIABLE ROCK-UPLIFT RATE
For the sake of brevity, we have restricted our analysis to a simple uplift function that yields a power-law gradient-area relationship,
where U 0 is the rock-uplift rate at the edge of the region of interest (taken here as the channel head) and ␣ is a constant. Substituting equation 3 into equation 1, by using a well-known relationship between downstream distance and drainage area (Hack, 1957) , where A ϭ k a x h , and solving under the assumption of steady state yields an expression for equilibrium channel gradients of the form S e ϭ k s A Ϫ⌰ , where
Equation 5 predicts that channels in regions where rock-uplift rate is increasing downstream (␣ Ͼ 0) should have low concavities (or may even be convex upward), whereas those flowing toward regions of decreasing uplift rate (␣ Ͻ 0) should have high concavities. When K is spatially uniform, equation 5 demonstrates that the slope exponent (n) can be directly estimated from the concavity of steady-state channels undergoing known downstream variations in rock-uplift rate.
SIWALIK HILLS FIELD AREA
The Siwalik Hills are a set of low ranges in the sub-Himalaya developed in the hanging wall of the Main Frontal thrust, the southernmost of a system of thrust faults in the Himalaya. The fault system disrupts Tertiary continental molasse of the Indo-Gangetic foredeep and currently marks the southern edge of active shortening in the Indo-Asian collision zone. Recent work on folded fluvial terraces along the Bagmati and Bakeya Rivers (Lavé and Avouac, 2000) (Fig. 1 ) demonstrates that (1) displacement on the main strand of the fault system locally absorbs ϳ20 mm/yr of shortening between India and Asia, (2) fold geometry is consistent with a model of fold growth above a ramp in the thrust, and (3) incision rates vary systematically across the fold and appear to have been nearly steady throughout the Holocene. Along the northern limb of the anticline, the vertical component of displacement increases in a nearly linear manner from ϳ5 mm/yr north of the fold to Ͼ15 mm/yr near the anticline crest (Lavé and Avouac, 2000) . Rates then rapidly decrease to zero on the Indo-Gangetic plain. There also appears to be some variation in rock-uplift rate along strike; maximum inferred rates are ϳ12 mm/yr along the Bagmati River, and increase to ϳ17 mm/yr along the Bakeya River (Lavé and Avouac, 2000) .
STREAM PROFILE ANALYSIS
We examined 22 channels in the vicinity of the Bagmati and Bakeya Rivers (Fig. 1) . Our analysis follows the methods described by Snyder et al. (2000) and is detailed in the Data Repository 1 . Two of 1 GSA Data Repository item 2001046, Topographic data and analytical methods, is available on request from Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301-9140, editing@geosociety.org, or at www. geosociety.org/pubs/ft2001.htm. these channels (tributaries of the Bakeya and Bagmati, respectively) cross the anticline, spanning a range of rock-uplift rates from ϳ5 mm/ yr to nearly 17 mm/yr, and provide the primary motivation for this study. Of the remaining 20 channels, 13 have their headwaters along the crest of the anticline and flow toward regions of decreasing uplift rate, and 7 flow parallel to the strike of the fold and to present-day uplift rate gradients (these strike-parallel streams were also studied by Hurtrez et al., 1999) . We did not examine the Bagmati and Bakeya Rivers, because they have been thoroughly studied and appear to be gravel-bedded systems that respond to uplift of the anticline primarily by channel narrowing (Lavé and Avouac, 2000) .
We observe pronounced variations in the concavity of channel profiles that depend on the position and orientation of the channel with respect to rock-uplift rate gradients across the anticline (Fig. 1) , consistent with the predictions of equation 5. In particular, there are three groups of channel concavities. (1) Channels flowing parallel to the strike of the anticline display a narrow range of concavities between 0.4 and 0.5 (mean of 0.46; see footnote 1), in close agreement with theoretical predictions (Whipple and Tucker, 1999) and measurements (Snyder et al., 2000) of the concavity of equilibrium bedrock channels under conditions of uniform uplift and K. (2) Channels draining either flank of the anticline display consistently high concavities (⌰ ranges from 0.7 to 2.1; see footnote 1), whereas (3) channels crossing the anticline from north to south display convex-upward (⌰ Ͻ 0) longitudinal profiles for ϳ7-9 km along the channels (Fig. 1) . Because channels in this landscape are at or near steady state with respect to current climatic conditions (Lavé and Avouac, 2000) , these differences appear to reflect the adjustment of channel gradient to variable rock-uplift rates.
Given that the pattern of rock uplift is best defined on the back (northern) limb of the Siwalik Hills anticline (Lavé and Avouac, 2000) , we utilize the two main tributaries of the Bagmati and Bakeya Rivers that transect the anticline (Figs. 1 and 2) to calibrate a stream power incision model for this landscape. The vertical component of displacement increases linearly across the northern limb of the anticline, from ϳ4 mm/yr north of the fold to ϳ17 mm/yr at the crest (Lavé and Avouac, 2000) , allowing us to determine the slope exponent (n) directly from the convexity of the channel profile (␣ ϭ 1 in equation 5). We assume that the channels are in steady state, that the ratio m/n is ϳ0.46 (the mean of strike-parallel basins), and we utilized the Hack exponent derived for each river (see footnote 1). We estimate that the slope exponent (n) ranges from 0.6 to 0.9 (Fig. 2) , consistent with incision rate nearly linear in basal shear stress (n ϭ 0.66) or in unit stream power (n ϭ 1) (Howard and Kerby, 1983; Whipple and Tucker, 1999) . Our results are relatively insensitive to the choice of intrinsic concavity (m/n); varying m/n between 0.35 and 0.55 leads to a 0.08 variation in n.
In order to calibrate the erosion coefficient (K) for this landscape, we need to account for the additional uplift imparted by the advective component of the displacement field (e.g., Slingerland and Willett, 1999; Willett et al., 1999) . The total or effective rock uplift (V eff ) is a function of channel gradient (S), such that:
where V(x) and H(x) are the vertical and horizontal components of the surface displacement field, respectively, and depend on the rate of slip on, and geometry of, the faults responsible for fold growth (e.g., Molnar, 1987) . Because the channels utilized in our calibration have relatively gentle gradients (typically Ͻ10%), the horizontal component accounts for only a small (3%-5%) increase in uplift rate along the channel (see footnote 1 for details). It is likely, however, that the concavities of small, steep channels draining the flanks of the anticline are significantly affected by the advective component of the displacement field.
We calculate the coefficient of erosion, K, for each model of n (Table 1) , utilizing equation 1. To evaluate the range of variability imparted by along-strike variations in rock-uplift rates, we calculated K for uplift patterns derived from each transect of Lavé and Avouac (2000) (Table 1 ). If erosion is linear in stream power (n ϭ 1), values of K range from ϳ1.5 ϫ 10 Ϫ4 to ϳ1.6 ϫ 10 Ϫ4 m 0.08 /yr, whereas if erosion is linear in shear stress (n ϭ ⅔), values of K range from ϳ6.0 ϫ 10 Ϫ4 to ϳ6.9 ϫ 10 Ϫ4 m 0.05 /yr (Table 1) .
MODELING EROSION RATES
The power of this approach lies in its ability to quantify the magnitude and spatial distribution of erosion rates in the Siwalik Hills. We utilized calibrated parameters in the stream power incision model to predict erosion rates along a number of the small channels draining the front and back limbs of the Siwalik Hills anticline. Modeled erosion rates, for either n ϭ ⅔ or n ϭ 1, along channels draining the northern and southern limbs of the anticline generally decrease downstream in a nearly linear fashion, whereas erosion rates along channels oriented parallel to strike are nearly constant ( Figs. 1 and 3) . Furthermore, the magnitudes of modeled erosion rates closely reproduce the expected range of rock-uplift rates (Hurtrez et al., 1999; Lavé and Avouac, 2000) across the flanks of the anticline (Figs.  1 and 3) . This test confirms the utility of equation 3 for calibrating the channel incision model-model parameters are portable to streams of different sizes undergoing different rock-uplift patterns.
Although interpretation of erosion-rate patterns in terms of variations in deformation along the anticline is complicated by the need to deconvolve the role of the horizontal component of rock advection, especially on the gradients of small, steep channels (equation 6; Slingerland and Willett et al., 1999) , insofar as erosion rates are in balance with the tectonic influx of material, we can, in principle, predict, and then invert erosion rates in this landscape for deformation rates above active structures.
DISCUSSION AND CONCLUSIONS
Our analysis of stream gradients in the Siwalik Hills suggests that a stream power incision model provides a promising means of evaluating channel response to spatial variations in rock-uplift rate. We find that the dependence of incision rate on channel gradient in this landscape is consistent with erosion linearly proportional to either basal shear stress (n ϭ ⅔) or stream power (n ϭ 1), as one might expect for weakly consolidated substrate (Howard and Kerby, 1983) . To facilitate comparison with published estimates of stream power incision parameters, we calculate K for values m ϭ 0.4, n ϭ 1 (Stock and Montgomery, 1999) . The resultant estimates yield a mean of ϳ4.3 ϫ 10 Ϫ4 m 0.2 / yr (Table 1) . Thus, although incision rates are high, the erosion coefficient is within the range of published estimates for weak, easily erodible rock in regions with abundant precipitation (Stock and Montgomery, 1999; Whipple et al., 2000b) .
Our results further indicate that rock-uplift rate exerts a fundamental control on channel gradient in the Siwalik Hills and that systematic differences in channel concavity reflect pronounced spatial variations in rock-uplift rate across the fold. It is interesting that erosion rates derived from the calibrated stream-power parameters (Fig. 1) yield rock-uplift rates along the southern limb of the anticline remarkably consistent with those modeled by Hurtrez et al. (1999) from the local relief (measured over length scales Ͻ600 m).
This study illustrates the potential of stream-gradient analysis as a quantitative method for extracting information on the rates and spatial distribution of rock uplift from digital topographic data. Systematic variations in channel gradient and, particularly, concavity can highlight regions of underlying variation in rock-uplift rate and place direct constraints on the geometry and distribution of active structures (e.g., Molnar, 1987) . Such analysis is subject to complications introduced by variations in lithology, by transient conditions, by glacial erosion, and possibly by downstream variations in sediment flux and must be applied with caution. However, it appears that we now have the ability to predict erosion rates in the Siwalik Hills directly from topographic analyses, affording the opportunity to assess the spatial variability of active deformation within the Himalayan foreland from landscape response.
